The Haoyaoerhudong gabbro is a mafic intrusion located in the Haoyaoerhudong gold deposit, which is a giant gold deposit (148 t Au) hosted in Proterozoic strata on the northern margin of the North China Craton. In this paper, we present integrated SHRIMP U-Pb, geochemical and Sr-Nd isotopic data from gabbro of the Haoyaoerhudong gold deposit to reveal the magmatic processes behind its origin. SHRIMP zircon U-Pb dating constrains the timing of crystallization of the Haoyaoerhudong gabbro to 278.8 ± 0.81 Ma. Whole-rock geochemical results indicate that the Haoyaoerhudong gabbro has calc-alkaline features with enrichments of large-ion lithophile elements (LILE) and light rare-earth elements (REE) as well as depletions of high-field strength elements (HFSE). The relatively high ( 87 Sr/ 86 Sr) i (0.7053 to 0.7078) and low εNd(t) (−4.6 to −15.1) values of the gabbro indicate the involvement of crustal materials. Low Ce/Pb ratios (1.35 to 7.38), together with nearly constant La/Sm and Th/Yb ratios and variable Ba/Th and Sr/Nd ratios, suggest that the ancient mantle was modified by slab dehydration fluids. Based on new geochemical data and regional geological investigations, we propose that both the Haoyaoerhudong gold deposit and the Haoyaoerhudong gabbro formed in a post-orogenic extensional setting.
Introduction
The North China Craton (NCC) is a well-known Precambrian block in China [1] [2] [3] . The amalgamation between the eastern and western blocks ca. 1.85 Ga marked the cratonization process of the NCC [4] . Its northern margin underwent a strong rifting process, forming the Langshan-Zhaertaishan Rift and the Bayan Obo Rift during the Proterozoic era. Affected by the evolution of the Central Asian Orogenic Belt (CAOB), a giant magmatic rock belt formed along the northern margin of the NCC during the Paleozoic era ( Figure 1 ) [5] [6] [7] [8] . Several large orogenic gold deposits, including the Zhulazhaga and Haoyaoerhudong gold deposits, formed during the Paleozoic orogenic process.
The Haoyaoerhudong gold deposit is a super large (148 t Au) low-grade deposit in the western part of the NCC. Gold is hosted by pyrite and pyrrhotite, which were mainly deposited on bedding and schistosity planes of the Proterozoic black shales [9] . Hercynian intrusions are common in the Haoyaoerhudong gold district. A small gabbro intrusion is located west of the Haoyaoerhudong gold deposit (called the Haoyaoerhudong gabbro below). Most previous research focused on the gold deposit itself and the granitoids around the deposit [10] [11] [12] [13] [14] , but little is known about the Haoyaoerhudong gabbro. Mafic rocks, although in a small volume on the earth's surface, are very important study subjects to explore deep mantle heterogeneity, crust-mantle interactions [15] , and the tectonic properties of different blocks in ancient orogens [16] . The presence of the Haoyaoerhudong gabbro gives us an opportunity to investigate the composition of the ancient mantle, crust-mantle interaction, and crustal differentiation [17] of the northern margin of the NCC. We report new data of whole-rock geochemistry, zircon U-Pb dating, and Sr-Nd isotopes of the Haoyaoerhudong gabbro with the goal of constraining the petrogenesis and timing of the gabbro as well as the geodynamic setting of the Permian magmatism and related gold mineralization.
Geological Setting
A "double rift" system developed on the northern margin of the NCC in the Proterozoic era [18] . The Langshan-Zhaertaishan Rift (inside) and the Bayan Obo Rift (outside), host gigantic thick Proterozoic rift sediments called the Zhaertaishan and Bayan Obo Groups, respectively. The supracrustal succession of the Zhaertaishan and Bayan Obo Groups are thought to be contemporaneous with different types of magmatism [19] [20] [21] . Carbonates characterized the Bayan Obo Rift [22] [23] [24] , whereas double-peak volcanism occurred in the Langshan-Zhaertaishan Rift [25] . The giant Bayan Obo REE-Nb-Fe deposit is located in the Bayan Obo Group, and the superlarge Langshan-Zhaertaishan SEDEX (sedimentary exhalative) Pb-Zn-Cu-S ore belt (including the Dongshengmiao, Huogeqi, Tanyaokou, and Jiashengpan ore deposits) is hosted in the Zhaertaishan Group. Carbonate dikes and bimodal magmatism indicate that the northern margin of the NCC experienced rifting in the Middle Mesoproterozoic, which is considered to be the result of the final breakup of the Columbia Supercontinent [21] , and induced the formation of the Bayan Obo REE-Nb-Fe deposit and the giant Langshan-Zhaertaishan SEDEX ore belt. Along with the evolution of the CAOB, the northern margin of the NCC experienced an orogenic process with strong tectono-magmatism during the Paleozoic. Large volumes of magmatic rocks currently crop out along the northern margin of the NCC (Figure 1 ). Zhang et al. [6] summarized three important magmatic events: Devonian (from 400 to 360 Ma), late Early Carboniferous to Middle Permian (from 330 to 265 Ma), and latest Permian to Triassic (from 250 to 200 Ma). The most striking regional structure is the Solonker suture zone. This zone, which is composed of ophiolites and olistostromes, is thought to be the remnants The geology of the Haoyaoerhudong gold deposit is similar to the northern margin of the NCC, which is characterized by Proterozoic strata divided by Paleozoic magmatic rocks. The Bayan Obo Group exposed in the gold district include the Jianshan, Halahuogete, and Bilute formations [9, 14] . The Bilute Formation, which is mainly composed of black shales (rich in organic material, with an average TOC of 3.4%), is the major gold-hosting rock (Figure 2 ). Most intrusions are Permian in age, and the main lithologies include granitic porphyry, monzogranitic porphyry, granodiorite, and biotite granite. The granite porphyry and monzonitic granite porphyry have zircon U-Pb ages of 290.9 ± 2.8 Ma and 287.5 ± 1.9 Ma, respectively. The biotite granite samples yield zircon U-Pb ages of 267.9 ± 1.2 Ma and 274.0 ± 2.3 Ma [11, 12] . Gold-related alteration ages are reported as 270.1 ± 2.5 Ma (biotite Ar-Ar [9] ) and 250.9 ± 1.5 Ma (muscovite Ar-Ar [13] ). Most researchers have inferred a genetic relation between the gold mineralization and the Permian tectono-magmatism [9, 13, 14, 28] .
The Haoyaoerhudong gabbro is located in the Haoyaoerhudong gold ore district, approximately 2 km southwest of the west open pit ( Figure 2 ). It is an oval intrusion with an area of about 2.5 km 2 . The gabbro mainly intrudes into the Halahuogete Formation, nearly parallel to the border between the Halahuogete Formation and the Bilute Formation to the north. The gabbro truncates the graywhite tonalite in the southwest area ( Figure 2 ). Several NE-SW-trending gabbro dikes are present in the Haoyaoerhudong gold district ( Figure 3A ). In outcrops, the gabbro is characteristically dark-gray to black due to weathering ( Figure 3B ). Fresh surfaces of the rocks are gray or whitish gray with different contents of mafic minerals. No deformation has been observed in the oval intrusion or in the dikes, but some small felsic veins cut the gabbro intrusions ( Figure 3C ). Thin section studies of the rocks show a medium-grained gabbroic assemblage, mainly including plagioclase, clinopyroxene, amphibole, and biotite ( Figure 3D,E) . Small amounts of pyrite and chalcopyrite were observed for the first time ( Figure 3F ) in this study. The In outcrops, the gabbro is characteristically dark-gray to black due to weathering ( Figure 3B ). Fresh surfaces of the rocks are gray or whitish gray with different contents of mafic minerals. No deformation has been observed in the oval intrusion or in the dikes, but some small felsic veins cut the gabbro Figure 3C ). Thin section studies of the rocks show a medium-grained gabbroic assemblage, mainly including plagioclase, clinopyroxene, amphibole, and biotite ( Figure 3D ,E). Small amounts of pyrite and chalcopyrite were observed for the first time ( Figure 3F ) in this study. The mineral crystallization sequence of the Haoyaoerhudong gabbro appears to be clinopyroxene first, then plagioclase, and finally amphibole and biotite. 
Samples and Analytical Methods
In this study, a total of 10 representative samples were collected (8 from the Haoyaoerhudong gabbro and 2 from gabbro dikes 1 km west of the Haoyaoerhudong gabbro) for whole-rock major and trace elements, zircon dating, and bulk Sr-Nd isotopes. The samples were carefully examined to have the least alteration, cracks, and inclusions. The rock is massive, medium-fine grained, and equigranular. No cumulate textures were observed.
Whole-Rock Major and Trace Elements
Whole-rock major and trace elements were determined at the Langfang Institute of Geophysical and Geochemical Exploration, Hebei Province, China. Major elements were analyzed by X-ray fluorescence spectrometry. REEs and trace elements were tested by inductively coupled plasma-mass spectrometry. The general precision was better than 3% and 5% for major oxides and trace elements, respectively.
Zircon U-Pb Dating
Zircons were selected from sample RB25 using traditional techniques (density and magnetic separation) at the Langfang Institute of Regional Geology Survey, Hebei Province, China. All of the zircons were studied with micrographs and cathodoluminescence (CL) images to illustrate their microstructures. The zircon U-Th-Pb compositions were determined using a sensitive high-resolution ion microprobe at the Beijing SHRIMP Center. The analytical spot sizes were 30 µm, but each spot was rastered over 120 µm for three minutes to remove common Pb on the zircon surfaces. Five consecutive scans were performed for each zircon spot. The detailed analytical procedures are given in Jian et al. [29] .
Sr-Nd Isotope
Sr-Nd isotopes were tested using an Isoprobe-T thermal ionization mass spectrometer (TIMS) at the Beijing Research Institute of Uranium Geology (BRIUG). Powder samples were mixed for isotope dilution and dissolved using HF + HNO 3 + HClO 4 in sealed Teflon capsules on a hot plate for 24 h. After separation of the Rb, Sr, and light REEs in a cation-exchange column, the Sm and Nd were further purified using a cation-exchange column, conditioned and eluted with dilute HCl. The TIMS was operated in static mode according to the standard procedures of GB/T17672-1999. Total chemical blanks were lower than 200 pg for strontium and lower than 50 pg for neodymium. The normalization standards are 146 Nd/ 144 Nd of 0.7219 and 88 Sr/ 86 Sr of 0.1194. Additional analytical details are given in Zhang et al. [30] .
Results

SHRIMP U-Pb Age
The zircons from sample RB25 are euhedral to subhedral with length/width ratios of 1:1 to 2:1 ( Figure 4 ). CL images show that some of the zircons have clear oscillatory zoning, indicating their magmatic origin [31] . The zircon SHRIMP U-Pb analytical data are presented in Sr-Nd isotopes were tested using an Isoprobe-T thermal ionization mass spectrometer (TIMS) at the Beijing Research Institute of Uranium Geology (BRIUG). Powder samples were mixed for isotope dilution and dissolved using HF + HNO3 + HClO4 in sealed Teflon capsules on a hot plate for 24 h. After separation of the Rb, Sr, and light REEs in a cation-exchange column, the Sm and Nd were further purified using a cation-exchange column, conditioned and eluted with dilute HCl. The TIMS was operated in static mode according to the standard procedures of GB/T17672-1999. Total chemical blanks were lower than 200 pg for strontium and lower than 50 pg for neodymium. The normalization standards are 146 Nd/ 144 Nd of 0.7219 and 88 Sr/ 86 Sr of 0.1194. Additional analytical details are given in Zhang et al. [30] .
Results
SHRIMP U-Pb Age
The zircons from sample RB25 are euhedral to subhedral with length/width ratios of 1:1 to 2:1 ( Figure 4 ). CL images show that some of the zircons have clear oscillatory zoning, indicating their magmatic origin [31] . The zircon SHRIMP U-Pb analytical data are presented in Table A1 . The measured Th and U contents are 137-658 ppm and 153-477 ppm, respectively, and the Th/U ratios vary between 0.65 and 1.43. Sixteen analyses show clustered 206 Pb/ 238 U ages with a concordia age of 278.8 ± 0.81 Ma (MSWD = 0.117) (Figure 4 ), which is considered the crystallization age of the Haoyaoerhudong gabbro. 
Major and Trace Element Data
As discussed above, the freshest available rock samples were selected for the chemical analysis. However, the sulfur minerals found in some thin sections suggest that the Haoyaoerhudong gabbro may suffer from hydrothermal alteration. Thus, it is important to evaluate the influence of postmagmatic alteration. In this study, all of the samples have LOI values much lower than 6 wt.% (ranging from 1.29 to 2.83 wt.%) and Ce/Ce* values concentrated in a narrow range from 0.9 to 1.0 (except samples RB04 and RB05, which have similar values of 0.87 and 1.03, respectively), indicating that these samples still have their primary chemical signatures without strong modification [32] .
The major and trace element contents of the Haoyaoerhudong gabbro are reported in Table A2 . 
As discussed above, the freshest available rock samples were selected for the chemical analysis. However, the sulfur minerals found in some thin sections suggest that the Haoyaoerhudong gabbro may suffer from hydrothermal alteration. Thus, it is important to evaluate the influence of postmagmatic alteration. In this study, all of the samples have LOI values much lower than 6 wt.% (ranging from 1.29 to 2.83 wt.%) and Ce/Ce* values concentrated in a narrow range from 0.9 to 1.0 (except samples RB04 and RB05, which have similar values of 0.87 and 1.03, respectively), indicating that these samples still have their primary chemical signatures without strong modification [32] . Figure 5a ). Most of the data plot in the calc-alkaline field on the Co-Th classification diagram [33] , indicating calc-alkaline affinity (Figure 5b ). On the MgO vs. major element oxides diagrams, CaO, K2O, and Na2O decrease and Fe2O3 (total iron) increases with increasing MgO (Figure 6 ), indicating fractionation processes of clinopyroxene and plagioclase with some Fe-Ti oxides. (Figure 7a) , all of the samples show similar features: enrichment of LILEs (Rb, Sr, and Ba) and depletion of HFSEs (Nb, Ta and P), indicating geochemical affinity to arc-type igneous rocks [35, 36] . 
Sr-Nd Isotopic Data
Five samples (RB04, RB05, RB20, RB22, RB23) from the Haoyaoerhudong gabbro were tested for Sr-Nd isotopes (Table A3 ). The initial isotopic compositions were recalculated to 279 Ma based on the zircon U-Pb age from this study. The ( 87 Sr/ 86 Sr)i ratios of the five tested samples vary between 0.7053 and 0.7078. The Nd isotopic compositions are relatively homogeneous, and the 143 Nd/ 144 Nd ratios have a small range of 0.5118-0.5123, corresponding to εNd(t) varying between −4.6 and −15.1.
Discussion
Timing of a Hercynian Mafic Magmatic Event
Our new SHRIMP zircon data provide a precise age for the Haoyaoerhudong gabbro. The morphologies and internal structures, as well as the high Th/U values of the zircons from the Haoyaoerhudong gabbro, are suggestive of their magmatic origin. The 278.8 ± 0.81 Ma age (concordia age) indicates that the Haoyaoerhudong gabbro was emplaced in the Early Permian.
Previous studies have obtained age data for gabbros in the areas adjacent to the Haoyaoerhudong gold deposit. A 275.5 ± 1.8 Ma zircon U-Pb age (LA-ICP-MS) was obtained by Xiao [38] for the gabbro in the Nuoergong area (sample location N 39°56'42", E 104°47'20"), which is thought to be a Permian continental magmatic arc. Zircon U-Pb dating (LA-ICP-MS) of two samples selected from the Taohaotuoxiquan gabbro yielded a consistent age of 276-275 Ma, suggesting emplacement in the Early Permian [39] . Zhao et al. [35] identified olive gabbro and amphibole gabbro in the Beiqigetao intrusion in the Wengeng area. They obtained a concordant SHRIMP U-Pb age of 269 ± 8 Ma for the olive gabbro (sample location N 41°31'44", E 108° 05' 24"). All of these data demonstrate a wide range of Hercynian mafic magmatism in the studied area.
Magma Source and Petrogenesis
Magmatic rocks sourced from primary magma generally have high MgO, Mg#, Cr, and Ni contents (>15 wt.%, >65, >2000 ppm, and >500 ppm, respectively) [40] . The samples from the Haoyaoerhudong gabbro have variable MgO contents (4.98-24.78, average of 13 wt.%), a wide Mg# range (35.7-74.4), Cr <1000 ppm, and Ni <500 ppm (Table A2 ). These data indicate that the Haoyaoerhudong gabbro underwent a differentiation process before its emplacement.
Several immobile elements, including Zr, Nb, and Yb, are widely used to study the attributes of the magma source, and element ratios (e.g., Nb/Yb) are considered to be indexes of mantle fertility of the rocks [41] . The Nb/Yb values of the studied gabbro cover a relatively wide range of 0.6-5.49 with an average of 2.95, which is similar to that of enriched mid-ocean ridge basalts (E-MORB, 3.5 [42] ), indicating that the melt may be sourced from the mantle. The strong positive Sr and Eu anomalies of the Haoyaoerhudong gabbro are also similar to gabbros sourced from mantle-derived basaltic melt 
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Timing of a Hercynian Mafic Magmatic Event
Previous studies have obtained age data for gabbros in the areas adjacent to the Haoyaoerhudong gold deposit. A 275.5 ± 1.8 Ma zircon U-Pb age (LA-ICP-MS) was obtained by Xiao [38] for the gabbro in the Nuoergong area (sample location N 39 • 56'42", E 104 • 47'20"), which is thought to be a Permian continental magmatic arc. Zircon U-Pb dating (LA-ICP-MS) of two samples selected from the Taohaotuoxiquan gabbro yielded a consistent age of 276-275 Ma, suggesting emplacement in the Early Permian [39] . Zhao et al. [35] identified olive gabbro and amphibole gabbro in the Beiqigetao intrusion in the Wengeng area. They obtained a concordant SHRIMP U-Pb age of 269 ± 8 Ma for the olive gabbro (sample location N 41 • 31'44", E 108 • 05'24"). All of these data demonstrate a wide range of Hercynian mafic magmatism in the studied area.
Magma Source and Petrogenesis
Magmatic rocks sourced from primary magma generally have high MgO, Mg#, Cr, and Ni contents (>15 wt.%, >65, >2000 ppm, and >500 ppm, respectively) [40] . The samples from the Haoyaoerhudong (Table A2 ). These data indicate that the Haoyaoerhudong gabbro underwent a differentiation process before its emplacement.
Several immobile elements, including Zr, Nb, and Yb, are widely used to study the attributes of the magma source, and element ratios (e.g., Nb/Yb) are considered to be indexes of mantle fertility of the rocks [41] . The Nb/Yb values of the studied gabbro cover a relatively wide range of 0.6-5.49 with an average of 2.95, which is similar to that of enriched mid-ocean ridge basalts (E-MORB, 3.5 [42] ), indicating that the melt may be sourced from the mantle. The strong positive Sr and Eu anomalies of the Haoyaoerhudong gabbro are also similar to gabbros sourced from mantle-derived basaltic melt [43] (Figure 7a,b) . Most of the samples plot in areas far from that of ocean island basalts (OIB) in the La/Ba vs. La/Nb diagram (Figure 8a ), indicating lithospheric affinity rather than an asthenospheric mantle origin [44] . The Dy/Yb ratios of the tested samples are concentrated in a small range of 1.92-2.35, and the La/Yb ratios have a range of 5.11-14.36, indicating partial melting of spinel peridotite facies (Figure 8b ) from a relatively shallow source [44, 45] . It is widely accepted that crustal contamination should be considered in any intraplate setting [48] . Crustal contamination may lead to an increase in ( 87 Sr/ 86 Sr)i and a decrease in εNd(t) in the magma [49] due to high 87 Sr/ 86 Sr and SiO2 values and low εNd(t) and MgO values in crustal materials [50] . Thus, high ( 87 Sr/ 86 Sr)i and low ɛNd(t) values may suggest the involvement of crustal materials. As illustrated by the ( 87 Sr/ 86 Sr)i vs. εNd(t) plot, most of the points straddle the area from OIB to continental volcanics (Figure 9 ), indicating the influence of crustal materials in the formation of the Haoyaoerhudong gabbro.
Elemental ratios, such as Y/Nb, Nb/Zr, and La/Zr, are thought to be indexes of crustal contamination [51, 52] . In the present case, the nearly constant or small ranges of these ratios (i.e., 1.77-5.52 for Y/Nb, except for one value of 15.18; 0.02-0.12 for Nb/Zr; and 0.10-0.22 for La/Zr) indicate that crustal contamination may have played a crucial role in the generation of the Haoyaoerhudong gabbro. It has been suggested that Lu-Yb ratios will not change dramatically during partial melting or fractional crystallization [53] . Mantle-derived magma and the continental crust have relatively low (0.14-0.15) and high (0.16-0.18) Lu/Yb ratios, respectively [42, 54] . The Lu/Yb ratios in this study (0.14-0. 19 It is widely accepted that crustal contamination should be considered in any intraplate setting [48] . Crustal contamination may lead to an increase in ( 87 Sr/ 86 Sr) i and a decrease in εNd(t) in the magma [49] due to high 87 Sr/ 86 Sr and SiO 2 values and low εNd(t) and MgO values in crustal materials [50] . Thus, high ( 87 Sr/ 86 Sr) i and low εNd(t) values may suggest the involvement of crustal materials. As illustrated by the ( 87 Sr/ 86 Sr) i vs. εNd(t) plot, most of the points straddle the area from OIB to continental volcanics (Figure 9 ), indicating the influence of crustal materials in the formation of the Haoyaoerhudong gabbro.
Elemental ratios, such as Y/Nb, Nb/Zr, and La/Zr, are thought to be indexes of crustal contamination [51, 52] . In the present case, the nearly constant or small ranges of these ratios (i.e., 1.77-5.52 for Y/Nb, except for one value of 15.18; 0.02-0.12 for Nb/Zr; and 0.10-0.22 for La/Zr) indicate that crustal contamination may have played a crucial role in the generation of the Haoyaoerhudong gabbro. It has been suggested that Lu-Yb ratios will not change dramatically during partial melting or fractional crystallization [53] . Mantle-derived magma and the continental crust have relatively low (0.14-0.15) and high (0.16-0.18) Lu/Yb ratios, respectively [42, 54] . The Lu/Yb ratios in this study (0.14-0. gabbro. It has been suggested that Lu-Yb ratios will not change dramatically during partial melting or fractional crystallization [53] . Mantle-derived magma and the continental crust have relatively low (0.14-0.15) and high (0.16-0.18) Lu/Yb ratios, respectively [42, 54] . The Lu/Yb ratios in this study (0.14-0.19, average of 0.17) indicate crustal addition during the formation of the Haoyaoerhudong gabbro. The high Th/Ta ratios (1.83-19.22, average of 8.23 ) and low Nb* (Nb/Nb* = NbPM/ (Th × La ))
values of the gabbro (0.09-0.84, average of 0.36) also suggest the involvement of crustal materials [55] . [15, 56, 57] . The trend to the lower crust is from [58] . The data for the green triangles are from [34] .
The decoupling between Nb and Ta and between Zr and Hf are widely used as indexes for subduction processes [59] . The scattered Nb/Ta ratios (5.67-26.12) and Zr/Hf ratios (15.45-30.21 ) of the studied samples differ from that of the primitive mantle (Nb/Ta of 17.8 and Zr/Hf of 37) [37] and crust (Nb/Ta of 11 and Zr/Hf of 33) [60] , indicating that they might be related to subduction processes. Generally, subducted slab-released fluids lead to high Rb, Sr, Ba, U, and Pb contents, whereas subducted oceanic sediment-derived melts lead to high concentrations of LREEs and Th in the magma. Experiments show that the Ce/Pb values of slab-dehydrated fluids are usually lower than 0.1 [61] , and Ce/Pb ratios less than 20 may indicate the involvement of subduction-dehydrated fluids [62] . Therefore, the Ce/Pb ratios of the studied samples (1.35-7.38, average of 3.84) which are lower than that of mantle-sourced magmas (e.g., oceanic basalts have Ce/Pb ratios of approximately 25) might be caused by the addition of Pb via subduction fluids [61] . Mantle metasomatism of the Haoyaoerhudong gabbro was further indicated by the Ba/Th versus La/Sm plot [63] and the Th/Yb versus Sr/Nd plot [64] . As shown in Figure 10a ,b, the points of the Haoyaoerhudong samples are consistent with the slab dehydration trend and distinctly different from the sediment melting trend, indicating that the mantle was modified by fluids from slab dehydration. In addition, the presence of hornblende and biotite in most thin sections showed water-rich features of the parent magma, suggesting the effect of slab hydration during magma genesis.
Both the major and trace element contents of the Haoyaoerhudong gabbro vary over large ranges, indicating fractional crystallization processes. Ni and Cr are positively related to MgO in the Haoyaoerhudong gabbro, indicating fractional crystallization of clinopyroxene. The negative correlation of MgO and Al 2 O 3 as well as the positive Eu anomaly of the Haoyaoerhudong gabbro demonstrates plagioclase fractional crystallization. In summary, we suggest that the Haoyaoerhudong gabbro originated from partial melting of a spinel peridotite facies of the mantle, which was metasomatized by fluids that dehydrated from a subducted slab. Fractionation crystallization is the most likely petrogenesis mechanism for the Haoyaoerhudong gabbro.
Haoyaoerhudong 
Implications for the Tectonic Setting
Generally, Th and Nb are geochemically similar. However, Th becomes mobile in subduction magmatic processes due to the addition of hydrous fluids from the subducted slab, whereas Nb is stable during this process [65] . Thus, Th and Nb are widely used to identify mafic rocks of different tectonic units [55] . To understand the tectonic setting of the Haoyaoerhudong gabbro, we applied the ThN-NbN discrimination plot [66] . Three samples spread along the MORB-OIB array, two points plot 
Generally, Th and Nb are geochemically similar. However, Th becomes mobile in subduction magmatic processes due to the addition of hydrous fluids from the subducted slab, whereas Nb is stable during this process [65] . Thus, Th and Nb are widely used to identify mafic rocks of different tectonic units [55] . To understand the tectonic setting of the Haoyaoerhudong gabbro, we applied the Th N -Nb N discrimination plot [66] . Three samples spread along the MORB-OIB array, two points plot in the forearc and intra-arc field, and five samples fall into the continental margin volcanic arc field ( Figure 11 ). This plot also indicates that the Haoyaoerhudong magma was affected by fluids that dehydrated from the subducting slab.
Jenner et al. reported that arc gabbros and non-arc gabbros have different Nb/Th values (<7.5 and >8.5, respectively) [67] . Most of the Nb/Th values of the Haoyaoerhudong gabbro are <7.5 (eight of the 10 tested samples range from 0.65 to 4.18, and two samples are slightly higher than 7.5), which indicates their arc affinities. In the Hf-Nb-Th diagram (Figure 12 ), two samples fall into the E-MORB field, and the other eight points fall into the CAB (calc-alkaline basalts) field, indicating that they likely formed in a continental arc environment. Other geochemical characteristics of the Haoyaoerhudong gabbro that are consistent with rocks from a continental arc include the enrichment of LILEs and LREEs, depletion of HSFEs, high La/Nb ratios (1.2-5.0 with an average of 3.5, which is higher than that of N-MORB, which has La/Nb ratios lower than 1.4), and negative εNd(t) values of −4.6 to −15.1 [41] .
The time that the Paleo-Asian Ocean (PAO) closed in the Xingmeng Orogenic Belt (XOB) has long been a controversial topic. A diachronous closure of the PAO, from west (Tarim) to east (Changchun), was suggested by Xiao et al. [26] and Wilde [68] . Luo et al. obtained a U-Pb zircon age of 277 ± 3 Ma for the Wuliangsitai intrusion, which was identified as an A 2 -type (postcollisional) granitoid, indicating a post-orogenic extensional setting [69] . Recently, Liu et al. noticed a sharp change of the εHf(t) (in zircon) and εNd(t) (whole-rock) values of the 280-265 Ma gabbros from the Alxa Terrane and inferred a tectonic change from subduction to post-collision [70] . The Haoyaoerhudong gabbro has similar REE and trace element distributions and Sr-Nd isotopic features (Figures 7 and 9) as the Beiqigetao gabbro [34] , which was interpreted as a Permian postcollisional intrusion. In addition, no obvious deformation has been observed in the Haoyaoerhudong gabbro. The gabbroic dikes are steep and sharp. All of this information suggests that the Haoyaoerhudong gabbro is the product of post-collisional mafic magmatism. Thus, it can be inferred that the PAO closed before 278.8 ± 0.81 Ma in the western section of the XOB.
Haoyaoerhudong gabbro has similar REE and trace element distributions and Sr-Nd isotopic features (Figures 7 and 9) as the Beiqigetao gabbro [34] , which was interpreted as a Permian postcollisional intrusion. In addition, no obvious deformation has been observed in the Haoyaoerhudong gabbro. The gabbroic dikes are steep and sharp. All of this information suggests that the Haoyaoerhudong gabbro is the product of post-collisional mafic magmatism. Thus, it can be inferred that the PAO closed before 278.8 ± 0.81 Ma in the western section of the XOB. [66] ). The N-MORB composition is from [42] .
The post-collisional setting is also supported by the gold mineralization features. In the Haoyaoerhudong gold deposit, most of the thin gold-bearing sulfide veins (films) are located on E-W-trending open bedding planes and schistosity planes, which suggests that the gold mineralization, along with the late stage magmatic activities, formed in a post-collisional extensional setting. Figure 11 . Th N vs. Nb N plot for the Haoyaoerhudong gabbro (after [66] ). The N-MORB composition is from [42] .
Conclusions
The post-collisional setting is also supported by the gold mineralization features. In the Haoyaoerhudong gold deposit, most of the thin gold-bearing sulfide veins (films) are located on E-W-trending open bedding planes and schistosity planes, which suggests that the gold mineralization, along with the late stage magmatic activities, formed in a post-collisional extensional setting.
1. The SHRIMP U-Pb zircon age shows that the Haoyaoerhudong gabbro in the Haoyaoerhudong gold deposits intruded into Proterozoic strata at 279 ± 2 Ma, indicating a Permian mafic magmatic event in the western section of the northern margin of the NCC.
2. The Haoyaoerhudong gabbro is subalkaline with calc-alkaline affinity, and its source magma was probably the result of the partial melting of the spinel peridotite zone of the lithospheric mantle, which was modified by subducting fluids. 1. The SHRIMP U-Pb zircon age shows that the Haoyaoerhudong gabbro in the Haoyaoerhudong gold deposits intruded into Proterozoic strata at 279 ± 2 Ma, indicating a Permian mafic magmatic event in the western section of the northern margin of the NCC.
2. The Haoyaoerhudong gabbro is subalkaline with calc-alkaline affinity, and its source magma was probably the result of the partial melting of the spinel peridotite zone of the lithospheric mantle, which was modified by subducting fluids. 
